We show numerically that the reflectivity of multilayer extreme-UV ͑EUV͒ mirrors tuned for the 11-14-nm spectral region, for which the two-component, Mo͞Be and Mo͞Si multilayer systems with constant layer thickness are commonly used, can be enhanced significantly when we incorporate additional materials within the stack. The reflectivity performance of the quarter-wavelength multilayers can be enhanced further by global optimization procedures with which the layer thicknesses are varied for optimum performance. By incorporating additional materials of differing complex refractive indicese.g., Rh, Ru, Sr, Pd, and RbCl-in various regions of the stack, we observed peak reflectivity enhancements of as much as ϳ5% for a single reflector compared with standard unoptimized stacks. We show that, in an EUV optical system with nine near-normal-incidence mirror surfaces, the optical throughput may be increased by a factor as great as 2. We also show that protective capping layers, in addition to protecting the mirrors from environmental attack, may serve to improve the reflectivity characteristics.
Introduction
At present there is considerable worldwide interest in mirrors with high reflectivity at near-normalincidence tuned for the extreme-UV ͑EUV͒ spectral region, most particularly in the 11-14-nm range. This interest is driven by the potential of EUV projection lithography as the basis for the next generation of high-throughput semiconductor lithographic tools for delineating structures at 70 nm and below. 1, 2 However, in the EUV spectral region nominally highreflectivity mirrors, apart from grazing incidence mirrors, must necessarily be multilayer thin-film designs. The design of multilayer reflectors for the 1-30-nm EUV spectral region has been extensively studied by Spiller. 3 Several examples exist of highreflectivity EUV mirrors for near-normal-incidence operation. Of particular importance for EUV projection lithographic applications are the two-component Mo͞Be and Mo͞Si multilayer systems that exhibit particularly high theoretical reflectivities in the 11.3-11.6-nm and the 13.0 -13.6-nm spectral regions, respectively. 4, 5 The motivation behind this research is the pressing need for optical throughput enhancement in an EUV projection lithographic system.
The predominant reflector designs are composed of distributed Bragg reflectors resembling quarterwavelength stacks with constant film thicknesses throughout. The typical designs that have been fabricated thus far are 80 periods of Mo͞Be and 40 -50 periods of Mo͞Si. 4, 5 These designs yield maximum theoretical reflectivities of R ϳ 0.78 for the Mo͞Be stack and R ϳ 0.74 for the Mo͞Si stack ͑taking into account a highly absorbing ϳ2-nm native oxide on the surface Si layer͒. These reflectivity values ͑which are among the best for multilayer reflectors in the EUV region͒, although adequate for optical systems with a few reflectors, will dramatically diminish the output optical intensity to 6 -10% of that directly before the first mirror in, for example, a nine-mirror system. The significance of nine near-normalincidence mirrors is that this is the number envisaged for an EUV lithographic system: two in the illumination optics, six in the imaging optics plus the reflecting reticle. It is therefore evident that even a small increase of 1-2% in the peak reflectivity of a single mirror will yield a significant light throughput enhancement in the optical system. For Bragg reflectors with nonabsorbing films the optimum optical path difference within each film would be a quarter wavelength. However, a particular problem in the EUV region is that all useful materials absorb the radiation to a certain degree. To reduce the effect on the reflectivity response of the absorption losses, the thicknesses of the two components of the stack are adjusted to deviate slightly from the optical path length of a quarter wavelength. The thickness of the high-absorption layer d h ͑commonly called the absorber͒ is set slightly lower than that of the lowabsorption layer d l ͑commonly called the spacer͒; thus the partition ratio ⌫ ϭ d h ͑͞d h ϩ d l ͒ of the multilayer is defined. Vinogradov and Zeldovich 6 calculated the optimum partition ratio as a function of absorption-a value of ⌫ ϭ 0.4 is commonly used.
It is well known for thin-film mirror designs in the UV to infrared ͑with absorbing films 7 ͒, and for EUV designs, 3,8 -10 that a gradual variation of the partition ratio through the stack with ⌫ ϭ 0.3-0.4 at the surface to ⌫ ϭ 0.5 near the substrate can increase the peak reflectivity. Carniglia and Apfel 7 showed that, if the ratio of the thicknesses of the spacer and the absorber are adjusted for each period to give the largest increase in reflectivity, there is a transition from the ideal quarter-wave stack near the substrate to thinner absorber layers near the surface. The optimized design 7 exhibited significantly higher reflectivity than the periodic stack. In the case of EUV mirrors an increase in peak reflectivity of 0.5-1.0% can be achieved. Such optimized stacks would yield significant throughput enhancements in a ninemirror optical system.
In this computational study we go a step further and show that unprecedented reflectivity enhancements in the standard Mo͞Be and Mo͞Si stacks can be achieved by means of ͑1͒ incorporating additional materials within the basic stack; ͑2͒ replacing one of the components of the standard stack with one with more favorable optical constants; ͑3͒ using global optimization routines, based on optimal control theory, to vary the partition of each period within the stack for optimum peak reflectivity; and ͑4͒ selecting certain relatively inert materials as capping layers to avoid the formation of highly absorbing surface oxide films. We show that optimized multicomponent multilayer stacks are a prerequisite if significant optical throughput enhancement is to be realized in EUV projection lithography. The various materials considered in this study, in addition to Mo, Si, and Be, are mainly from period 5 of the periodic table and are Rb, RbCl, Sr, Ru, Rh, Pd, and B. This choice of materials is the result of an exhaustive investigation of the optical constants of all room-temperature solid elements in the periodic table and some of their compounds.
Numerical Methods
The results presented below are obtained from computations performed with the thin-film design program TFCalc ͑Software Spectra Inc.͒, which is based on the characteristic matrix methodology, 11 and verified with LPro ͑4D Technology Ltd.͒, based on the 4 ϫ 4 matrix formulation. 12 The assumptions inherent in these programs are that the interfaces between the adjacent layers are perfect; i.e., there are no scattering losses due to interface imperfections or compound formation. The optimization methods for thin-film multilayer structures that we used in this study are essentially based on the general principles of optimal control theory. In many thin-film design methods there is a point at which the performance of the system can no longer be improved on. In optimal control theory one way to overcome such problems is to increase the number of design variables so that a system with a better performance, i.e., with a lower minimum, can be found in a multidimensional parameter space. In thin-film design this can be accomplished, for example, by global modification of the relative thicknesses of the layers in the multilayer stack until the target optical performance is attained or approached or by introduction of a number of thin layers ͑with infinitesimally small initial thicknesses͒ at optimum positions within the refractive-index profile of the stack. The latter method is commonly known as needle optimization and was developed a by Tikhonravov and co-workers [13] [14] [15] [16] and extensively used and refined by others. 17, 18 ͑These references discuss in detail the mathematics of optimization with the principles of optimal control theory.͒ The needle refractive-index variation results in a change in the spectral properties and hence the merit ͑objec-tive͒ function of the system. The optimum position of the thin layer ͑needle͒ insertion is determined by evaluation of an analytical perturbation function 13 and is located where the needle index variation results in the largest decrease in the merit function. After each needle is inserted, the system is globally refined until no further decrease in the merit function, and hence improvement in the optical performance, is achieved. The needle insertions may consist of materials within the basic multilayer system, or additional materials, whereby a multicomponent stack can be engineered for optimum performance. In Sections 3-7 below we show that the thin-film optimization techniques outlined here are essential for achieving reflectivity improvements in EUV multilayer reflectors. The global and needle optimization procedures employed in this study are an integral part of the TFCalc software package.
The multicomponent optimized stacks were engineered for normal-incidence operation ͑unless otherwise stated͒ with a stack arrangement based on the standard period. This stack arrangement was then modified by introduction of additional selected materials with initial thicknesses set to zero. Target reflectivities at one or more wavelengths near the central wavelength were then entered into the optimization routine, which optimally varies the thicknesses, until the target reflectivity values are approached for each wavelength. In the case of needle optimization of the stacks, selected materials to be inserted as needles are entered; the optimization procedure then adds these designated materials as additional layers if and when required for merit function minimization and hence optimal reflectivity performance. The notation that we adopted to represent a period in a multicomponent stack is based on the commonly used notation for a twocomponent stack, e.g., Mo͞Si where Mo is the lowand Si the high-refractive-index material. A typical needle-optimized stack is represented as Pd-Rh-RuMo͞Sr-Si, which represents a single period with a total optical path difference of ͞2. The sequence of the components is written as manifested within the stack; i.e., Pd is on the substrate side and Si on the top ͑vacuum͒ side. It should be noted that each distinct entity is separated by a hyphen in this notation.
The optical constants of the various materials, namely, the complex refractive index N ϭ n Ϫ ik are derived from atomic scattering factors by Henke et al. and were obtained from the Center for X-Ray Optics World Wide Web server at Lawrence Berkeley National Laboratory. 19 The values of n and k for the materials used in this study were downloaded as functions of wavelength from 10 to 42 nm, and as such the wavelength dependence of n and k is implicit in all calculations. The values of n and k at the two wavelengths of particular technological interest are tabulated in Table 1 . Our main aim in this study is to demonstrate the performance enhancement of the reflectors, and therefore we assume ideal white-light illumination.
Silicon-Based Multilayers for 13.4-nm Operation
The standard Si-based multilayer stack is considered to be an unoptimized 50-period Mo͞Si system grown on a Zerodur glass substrate, with a partition ratio ⌫ ϭ 0.4 yielding d Mo ϭ 2.8 nm and d Si ϭ 4.1 nm. In addition, it is assumed that the top 4.1-nm Si layer will undergo oxidation and effectively form a ϳ2-nm capping layer of native oxide ͑SiO 2 ͒. Analysis of such a stack yields a peak reflectivity at ϳ13.4 nm of R ϭ 0.731. This is the first stack in Table 2 and will be regarded as the reference and standard Mo͞Si stack throughout this study. Furthermore, for a nine-reflector system, a more useful measure of optical throughput is the value of R
9
. The relative values of the peak and the integrated reflectivities to the ninth power are also tabulated in Table 2 . R int 9 is the area under the curve in the R 9 versus spectrum. The variation between R peak 9 and R int 9 for a given stack is an indication of the variation in the spectral halfwidth, which is a function of the optimization process or the optical contrast between the incorporated materials or a combination of the two. All designs are terminated at the surface with a 4.1-4.5-nm Si layer on which a capping layer is deposited.
A. Optimized Two-Component Stacks
In the second unoptimized Mo͞Si stack it can be seen that, if a 2-nm native oxide is allowed to grow on a 6-nm Si top layer, a 1% increase in R, a 13% increase in R peak
9
, and a 7% increase in R int 9 may be achieved. A 25% gain in R int 9 is achieved with a 2-nm deposition of a B capping layer. We can obtain further increases by selecting Rh or Ru as capping layers and optimizing the stack. A gain of as much as 36% in R int 9 is possible for a two-component Mo͞Si multilayer stack. The optimization of the Mo͞Si stack results in a gradual, smooth, variation of the layer thicknesses through the stack, whereas the period width remains nominally constant at ϳ6.8 -7.0 nm as shown in Fig. 1 Fig. 1 is that the partition ration of ϳ0.4 is maintained for the first 20 periods from the surface and thereafter gradually changes to ϳ0.5 at the substrate ͑close to the ideal ͞4 value͒. Thus, for an optimum reflectivity response, the higher the absorption in the material, the lower the thickness near the surface. Furthermore, the increased thickness of Mo at the substrate side would indicate that, near the substrate, optical contrast rather than absorption within the layer is the prerequisite for optimum performance, and hence the optical thicknesses approach the quarter-wavelength value as for nonabsorbing multilayers. 6 This phenomenon is discussed further in Section 8. A selection of R 9 spectra for the 13.4-nm region is presented in Fig. 2 .
B. Three-Component Stacks
The three-component system is set up initially as a two-component Mo͞Si stack with the third material interleaved between the Mo and the Si layers with its initial thickness set to zero. In the case of Rh-Mo͞Si and Ru-Mo͞Si, Mo is favored near the surface and Rh͑Ru͒ near the substrate, whereas, in the Mo͞ RbCl-Si system, RbCl ͑which is a single entity͒, with high n and low k ͑Table 1͒, acts like a spacer and partially substitutes for Si in the center of the stack; i.e., the sum of the optical thicknesses of the adjacent RbCl and Si layers approaches the optical thickness of Si in a standard stack. The layer profile data for the Ru-Mo͞Si multilayer stack is shown in Fig. 3 and clearly indicates the preference of Ru over Mo close to the substrate and vice versa near the surface; in fact Mo is absent in the first ten layers closest to the substrate. The sum of the optical thicknesses of the adjacent Ru and Mo layers of this stack is similar to the optical thickness profile of Mo in Fig. 1; i. e., the quasi-quarter-wave character of the stack is maintained. The main increase in R int 9 in the Ru-Mo͞Si system appears to be from the higher optical contrast obtained near the substrate as a consequence of the for the Ru-Mo͞Si system was found upon needle optimization. The needleoptimized stack also contains Rh and additional layers of Mo, the net result of which is a 59% increase in R int 9 compared with the standard stack. It is also worth noting that in this case R int 9 Ͼ R peak 9 with the peak reflectivity of 0.764 only marginally lower than for the standard optimized Ru-Mo͞Si stack. This indicates that a substantially greater spectral halfwidth results from the needle optimization process ͑mainly because of the incorporation of Pd and Rh͒ as can be seen in Fig. 2 , curve D.
C. Four-Component Stacks
The four-component stacks were built in a manner similar to that described above. The most favorable combination is Ru-Mo͞Sr-Si with a relative increase as great as 88% in output intensity ͑Fig. 2, curve E and Table 2͒ . The optical thickness profiles of the various elements within the stack are shown in Fig.  4 . Again it can be seen that within the first 50 layers from the substrate Ru is predominant over Mo. The spikes in the thickness profile of Mo are simply a result of the numerical optimization process in which the Ru has been wholly replaced by Mo and are not an essential element of the gain in R peak 9 ; the spike heights correspond directly to the replaced Ru layer optical thicknesses. Indeed, we also found that the replacement of Ru with Mo in the central and the top parts of the stack does not noticeably degrade the reflectivity performance, whereas the predominance of Ru in the first 50 layers from the substrate is essential for high reflectivity; i.e., a high optical contrast near the substrate is necessary. It is also noteworthy that within the stack Sr behaves in a manner similar to Si, since it has a relatively high value of n and a low extinction coefficient ͑lower than that of Si; see Table 1͒ , but never wholly replaces Si, since the refractive index of Si is higher than that of Sr. Hence a high optical contrast with Ru and Mo is maintained. The low absorption within the Sr layers favors their location in the central and the top parts of the stack. As for the Ru-Mo͞Si case above, the sums of the optical thicknesses of Si and Sr, and Ru and Mo, approximate the optimized Mo͞Si thickness profiles shown in Fig. 1 . The optical thickness profiles of an optimized Pd-Ru-Mo͞Si stack are shown in Fig. 5 . It is interesting to note that, despite its very high extinction coefficient at 13.4 nm, Pd is preferred within the first 20 layers of the stack because of its low value of n ͑Table 1͒ and hence the large optical contrast with Si, which is further evidence for our explanation elaborated in Section 8. Mo and Ru are predominant thereafter despite the inclusion of thin layers of Pd throughout the stack-a consequence of the optimization process. We found that Pd can be replaced by Ru in the central and the top regions of the stack without degrading the reflectivity response, thus obviating the need to grow extremely thin layers of Pd.
Metals such as Zr and Y were also considered as possible candidates for the 12.5-14 nm spectral region. Although an increase in R was observed upon incorporation of Zr and Y, the increase was not significant enough to warrant their inclusion in the designs. However, we believe that these metals have potential for use in binary alloy-based multilayers.
Rubidium-Based Multilayers for 13.4-nm Operation
A comparison of the optical constants of Rb and Si ͑Table 1͒ indicates that Rb is in principle a more optimal material as a spacer. With a value of n at 13.4 nm similar to that of Si ͑close to unity͒, Rb would maintain the optical contrast with, for example, Mo or Ru. In addition, the lower value of the extinction coefficient k compared with that of Si makes Rb a better spacer material. This is borne out by the data presented in Table 2 . An increase in the peak re- flectivity of 5% is found for the Mo͞Rb stack as compared with the equivalent Mo͞Si stack, yielding a value of R peak 9 , which is higher than the standard Mo͞Si stack by a factor of more than 2 ͑Fig. 2, curve E͒. However, we believe that the Rb-based systems will remain of academic interest only, owing to the high reactivity and extremely low melting point ͑39°C͒ of Rb. Nevertheless, these data serve to highlight the importance of attempting to tailor materials with optical constants similar to those of Rb.
Beryllium-Based Multilayers for 11.3-nm Operation
The standard Be-based multilayer stack is considered to be an unoptimized 80-period Mo͞Be system grown on a Zerodur glass substrate, with a partition ratio ⌫ ϭ 0.4 yielding d Mo ϭ 2.3 nm and d Be ϭ 3.4 nm. This is the reference two-component system entered in Table 3 , and all other stacks are referred to it. It is evident that the effects of optimization and capping layer deposition are only marginal-improvement of as much as 8% in R peak 9 . However, the most striking feature of the data in Table 3 is that Mo does not appear to be the optimal material for the 11.3-nm window. The Ru͞Be stack appears to enhance the relative optical throughput by as much as 70%. Indeed, the Rh͞Be stack yields a 33% enhancement: Although significantly lower than for Ru͞Be, factors such as high Ru-Be interface roughnessinterdiffusion may favor Rh, though we are not aware of any studies on Rh-Be interface chemistry. The needle-optimized Rh͞Be stack exhibits a huge increase in reflectivity; this is due to the incorporation of Pd, Ru, and Mo layers during the optimization process, effectively transforming it into a Pd-Rh-RuMo͞Be multicomponent stack. The optical thickness profiles of the Ru͞Sr-Be system are shown in Fig. 6 . Because of their similar optical constants, Be and Sr behave in a similar manner within the stack, and again an increase in the Ru thickness near the substrate can be observed. The sum of the Be and the Sr optical thicknesses near the surface is ϳ4.1 nm with a Ru optical thickness of ϳ1.5 nm. These thickness values are markedly different from those in a Mo͞Be stack of ⌫ ϭ 0.4. This is a consequence of the higher extinction coefficient of Ru compared with Mo such that a lower Ru thickness is optimal. The gain in employing Ru in place of Mo is in the increase in optical contrast. Selected spectra of Be-based multilayers are shown in Fig. 7 . Three-component systems that contain Sr yield throughput enhancements of a factor as great as 2 but may be of limited importance unless the feasibility of Sr deposition can be demonstrated. Another more feasible design may be the Rh-Mo͞Be three-component system, whose layer profiles are shown in Fig. 8 The higher optical contrast of Rh with Be makes it more favored near the substrate despite an extinction coefficient in comparison with the two-component Rh͞Be stacks ͑Table 3͒. As capping layers, 1.25-1.7-nm thick Rh or Ru appears to be optimum for this wavelength region, inducing an increase of 0.7-1.0% in R.
Angular Dependence
In a typical EUV lithographic projection system each reflector will be tuned for a particular optimum incidence angle dependent on the details of the geometrical design. Typically, the optimum incidence angles will range from ϳ3°-15°. For the sake of simplicity we assume that seven of the system's nine reflectors are optimally tuned for a 7°angle of incidence. The results of a comparison between the standard Mo͞Si stack and an optimized Mo͞Si stack with a 1.25-nm Rh capping layer are illustrated in Fig. 9 . The R 7 response of a standard stack is shown for both TE and TM polarizations as a function of the angle of incidence . Both stacks are tuned for 7°. A clear advantage in overall integrated reflectivity response and angular bandwidth can be observed by means of employing the optimized stack for useful incidence angles as great as 11°. This is despite a lower 2 FWHM angular bandwidth of ϳ0.6°of the optimized stack in comparison with the standard Mo͞Si stack. The larger acceptance angles that are shown to be possible for the optimized stack will serve to increase the overall optical throughput of a projection system, or, alternatively, some hitherto stringent geometrical optics design requirements may be relaxed.
Spectral Broadening
We observed that further enhancement in the integrated value of R 9 can be achieved by the needle optimization of the system with multiple wavelength targets. Spectrum A in Fig. 10 is the R 9 response of a Pd-Ru-Mo͞Si stack optimized for a single reflectivity target at 13.4 nm yielding a FWHM of 0.31 nm and a 39% increase in R 9 compared with the standard Mo͞Si stack. Spectrum B in Fig. 10 is also a Pd-RuMo͞Si stack, but in this case needle optimized for reflectivity targets at 13.1, 13.25, 13.4, 13.5, and 13.57 nm. The targets were weighted differently by trial and error until a desired spectral response was obtained. Invariably the broadening of the spectrum was achieved at the expense of peak reflectivity. However, the broadening of spectrum B to a FWHM of 0.37 nm with only a small decrease in R peak 9 results in a 54% increase in the theoretical optical throughput compared with the standard Mo͞Si stack. Multilayers with such broadened R 9 spectra will be useful for broadband EUV sources such as some laserinduced plasma sources. 
Discussion
From our computational analysis of the various multilayer systems for the EUV region between 11 and 14 nm it would appear that drastic enhancements in peak and nine-reflector integrated reflectivities are possible. A combination of capping layer, global and needle optimization procedures, and, most importantly, the incorporation of additional materials within the stack appear to be necessary conditions for reflectivity enhancement. To the best of our knowledge this is the first study to identify these criteria and numerically engineer near-normal-incidence multilayer reflectors thereof. We found that in the 11-14-nm region, in addition to Mo, the absorber materials that show promise are Pd, Rh, and Ru. In addition to Si and Be, the viable spacer materials from the numerical point of view are Sr, Rb, and RbCl. These findings are consistent with the selection criteria based on Fresnel reflection coefficients discussed by Yamamoto et al. 20 In the case of the Be-based multilayers, we have found that Rh͞Be and Ru͞Be yield superior performance to that of Mo͞Be. Issues such as interface chemistry may preclude the viability of Rh͞Be and Ru͞Be; however, we are not aware of any studies in the literature on this issue.
Multilayers of Rh͞Si and Ru͞Si have been investigated in the past in relation to polarizer and filter design for the 4 -13-nm spectral region 20 -22 and interface imperfection. 23 Yanagihara et al. 24 investigated the performance of Rh͞Si and Ru͞Si as a function of synchrotron radiation dose. Also, binary-alloy͞C-based grazing incidence multilayers such as RhRu͞C and ReW͞C have been studied in the past. 25, 26 In this study we have shown unequivocally that near-normal-incidence multicomponent multilayers yield substantially better theoretical reflectivities when numerically optimized-stack optimization being a prerequisite for reflectivity enhancement. We should point out that we cannot say for certain that the optimization procedure finds a global minimum of the merit function in our designs. However, owing to the severe constraints on the control variables imposed by high photon absorption in the materials and the relatively low optical contrast between the materials, we consider the designs presented in this study to be near optimal.
In the Rh-Mo͞Si, Ru-Mo͞Si, and Pd-Ru-Mo͞Si stacks, for example, where the optimization procedure invariably prefers to locate Pd, Rh, or Ru near the substrate and Mo near the surface ͑Figs. 3-5͒ we suggest a qualitative explanation as follows. At 13.4 nm, Pd, Rh, and Ru exhibit a higher optical contrast with Si than does Mo. Additionally, the extinction coefficient k and therefore the absorption within the layer is lower for Mo than for Rh and Ru. Near the surface of the stack it is important that there be low absorption so that the incident radiation penetrates as deep into the stack as possible such that phasor addition is maximized. However, deep within the stack where the intensity is low, increased optical contrast is favored for the intensity of the Fresnel reflection to be maximized; i.e., the absorption is not critical, and therefore the partition ratio tends toward the ideal quarter-wave limit as for nonabsorbing multilayers. When Sr is incorporated into the structure, ideally it is located in the middle and nearsurface regions of the stack and partially substitutes for Si ͑Fig. 4͒. This can be explained by similar arguments: The value of n for Sr is lower than that of Si, and therefore, whereas the optical contrast with the low-n materials is lowered, the lower value of k for Sr compared with Si ͑Table 1͒ means that the absorption within the layer is lower, thus favoring Sr near the surface of the stack. Similar arguments are consistent with data obtained for Be-based stacks for 11.3-nm operation.
An analysis of variable partition ratio stacks for EUV was carried out by Spiller 3 and Meekins et al. 10 who concluded that the periodic designs exhibit only slightly lower reflectivities than do the fully optimized designs for a large ͑semi-infinite͒ number of layers. Although we agree that the change in the peak reflectivity is small ͑ϳ0.5-1.0%͒ for a 50-period Mo͞Si stack, and tends to zero for a quasi-infinite stack ͑as we observed for the 80-period Mo͞Be stack͒, this increase becomes significant when the throughput of a nine-reflector system is considered. We have shown that the peak reflectivity of optimized 50-period Mo͞Si stacks with suitable capping layers can be increased significantly such that the optical throughput of a nine-reflector optical system can be enhanced by as much as ϳ30%. Significantly, the insertion of additional components into the stack, and subsequent optimization, serves to enhance further the value of R 9 . In the case of the Mo͞Be system the gain in R 9 is achieved primarily through the inclusion of additional components within the stack and also through the choice of capping layer.
We would like to point out that, even though we modeled only idealized multilayer stacks, we hope to stimulate experimental research into multicomponent stacks, which is one of the objectives of this study. It is evident that our idealized Mo͞Si stack is in reality a MoSi x ͞Mo͞MoSi x ͞Si, owing to inevitable interfacial silicide formation. However, our new multicomponent structures may include, e.g., Ru and Rh, and astonishingly, despite the overwhelming suitability of these metals for the 11-14-nm spectral region, there are only limited experimental data available on interfacial interdiffusion and scattering at, for example, the Ru͞Si boundary. 23 Indeed more data are required regarding the Ru͞Mo and the Rh͞Mo interface. We shall concentrate future research on experimental realization of the multilayer structures numerically modeled in this study.
Conclusion
We have shown for the first time to our knowledge that theoretical reflectivity enhancements for EUV reflectors tuned for the 11-14-nm spectral region can be obtained by numerical optimization techniques ͑which appear to be essential for reflectivity enhancement͒, in conjunction with the incorporation of additional materials interleaved in the standard stack layers such that the quarter-wavelength character of the stack is maintained. The addition of one or more of Ru, Rh, Sr, and RbCl in a Mo͞Si multilayer stack can enhance the optical throughput of a nine-mirror system by 36 -88% and by 30 -100% in the Be-based structures. We believe that this research represents a new approach for the design and optimization of multilayer EUV reflectors, which may be crucial for the next generation of projection lithographic tools.
